INTRODUCTION
Siderochromes are substances which are excreted into the culture medium by microorganisms in iron-deficient conditions. These compounds characteristically bind Fe3 + very strongly, and a number of them participate in the transport of iron into the cells (Neilands, 1973) .
Recently, it has been shown that the yellow-green water-soluble pigment pyoverdine,, is the physiological iron-carrier of Pseudomonas JEuorescens (Meyer & Hornsperger, 1978) . Pyoverdinep, possesses the two essential characteristics shown by siderochromes : it is synthesized in large amounts and excreted into the culture medium only when the bacteria have insufficient iron, and it forms a very stable complex with Fe(II1) (Kabout (Meyer & Abdallah, 1978) .
These findings have since been extended to the other fluorescent pseudomonads -P. aeruginosa, P. putida, P. chlororaphis, P. aureofaciens and P. syringae (Meyer & Abdallah, 1979) . However, most species of Pseudomonas do not produce pyoverdines (Stanier et al., 1966) . How iron is solubilized and transported into these bacteria has not been investigated so far.
In this paper, we show that, in iron-deficient media, Pseudomonas stutzeri, a non-fluorescent pseudomonad belonging to the same homoiogy group as the fluorescent pseudomonads (Palleroni et al., 1970 (Palleroni et al., , 1973 , produces a colourless compound which complexes strongly with Fe(II1). We also show that this colourless compound is identical with nocardamine (or desferri-ferrioxamine E) (Keller-Schirlein & Prelog, 196 1).
METHODS
Growth of bacteria. Pseudomonas stutzeri (ATCC 17588) was grown in iron-deficient succinate medium as described previously for P. Jluorescens (Meyer & Abdallah, 1978) . For some experiments, iron was removed from the medium using 8-hydroxyquinoline (Waring & Werkman, 1942) . Bacterial growth was estimated turbidimetrically at 600 nm and cell dry weights were then calculated using an appropriate calibration curve.
Siderochrome assay. The amount of siderochrome synthesized and excreted into the culture medium was determined by spectrophotometry in the following way. FeCl, (2 M, 50 pl) was added to a sample of the culture supernatant (4 ml). Insoluble iron salts were removed by centrifugation (3000 rev. min-l, 5 min). The absorbance of the supernatant was measured against water at 435 nm, corresponding to the absorption maximum of the Fe(II1)-nocardamine complex (E = 2200).
Analytical methods. IH and I3C nuclear magnetic resonance (n.m.r,) spectra were recorded on a Cameca 250 instrument (Cameca, 92400 Courbevoie, France) using pyridine. 2HH,0 or ["HJdimethyl sulphoxide as solvents and sodium ['H,]trimethylsilylpropanesulphonate as an internal standard. IH n.m.r. spectra were measured at 250 MHz, 13C n.ni.r. spectra at 62.36 MHz.
Mass spectra were obtained after silylation of the acid hydrolysis products of both nocardamine from P. stutzeri and an authentic sample from actinomycetes. Approximately 2 mg of each sample was hydrolysed with 300 pl 2 M-HCl in sealed tubes at 100 "C for 2 h. The mixtures were then evaporated to dryness, and silylated with N,O-bis(trimethylsily1)trifluoroacetamide at 70 "C for 1 h. Analyses were performed on an LKB 9000 S mass spectrometer (high voltage 3500 V, 60 /LA, 70 eV electron current) with an LKB data system 2130, coupled to a gas chromatograph with a coiled glass column (2.6 m x 2.2 mm i.d. ; stationary phase SP 2250 17; on Chromosorb WAW DMCS).
Spectrophotometric measurements were made using either a Leres S28 (Leres, 94140 Alfortville, France) or a Cary 118 (Varian) spectrophotometer. Infrared (i.r.) spectra were recorded on a Perkin-Elmer 398 instrument .
Authentic nocardamine was a generous gift from Professor W. Keller-Schirlein (E. T. H., Zurich, Switzerland) -see Bickel et al. (1960) for details of production.
Isolation andpurification of thedesferri-siderochrome of P. stutzeri. Bacteria were grown at 25 "C in standard succinate medium (Meyer & Abdallah, 1978) until they reached stationary phase (40 h). Several batches were pooled and then centrifuged. The supernatant (5 1) was concentrated under reduced pressure to approximately 250 ml and extracted with 125 ml chloroform/phenol (1 : 1 , v/w). The aqueous phase was discarded and the organic phase was treated with water (100 ml) and diethyl ether (3 x 100 ml). The aqueous phase from this second partition was then evaporated under reduced pressure to yield 185 to 190 mg of a colourless compound which was recrystallized from methanol or from water (needles).
R E S U L T S

Production of a siderochrome by P. stutzeri as a function of the amount of
Fe3+ in the culture medium The growth of P. stutzeri in succinate medium was accompanied by the production of a colourless compound, which formed a deep red complex on addition of Fe3+ to the culture. This excretion ceased as the culture entered the stationary phase of growth. Addition of Fe3+ to the culture medium (300 ,ug 1-l) before inoculation increased the growth yield but repressed the production of the iron-chelating compound (Fig. 1) .
When Fe3+ was the growth-limiting factor, i.e. Fe3+ < 200 ,ug l-l, there was a biphasic relationship between the iron content of the medium and the amount of iron-chelating compound accumulated per g dry wt bacteria by the end of growth. In the presence of small amounts of Fe3+, the production of the compound appeared to be iron-dependent and increased with increasing iron concentration. Above 50 pg added Fe3+ 1-1 the yield of ironchelating compound decreased with increasing iron concentration (see Fig. 1 ).
Structure of the iron-chelating compound from P. stutzeri; its identity with authentic nocardamine
From elemental analysis (C, 52-34 o/ I ; ; H, 7.93 % ; N, 13.55 yo ; C2,Hd8N609. H,O requires C, 52.42 yo ; H, 7.92 yo ; N, 13.59%) and spectrophotometric data for its Fe(II1) complex, the compound excreted by P. stutzeri resembled nocardamine (Fig. 2) . 1.r. spectra of both compounds in Nujol showed major bands at 3340 (OH), 3280 (NH), 3140 (OH), 1645 (CONOH), 1620 (CONH) and 1550 cm-l (amide 11). The compound from P. stutzeri and nocardamine, after acid hydrolysis followed by silylation and gas chromatography coupled with mass spectrometry, both formed only Growth ( 0 ) and production (measured as nocardamine) (m) were determined as described in Methods. Fig. 2 . Formula of nocardamine. The letters A to I refer to the atoms or group of atoms located beneath -either carbon atoms, hydrogen atoms or carbonyl groups.
Table 1. Nuclear magnetic resonance data for nocardamine
The letters A to I refer to the atoms or groups indicated in Fig. 2 . The IH shifts are in p.p.m. with respect to sodium [2H,] trimethyIsilylpropanesulphonate as an internal standard. For the 13C shifts (in p.p.m.), the original results were converted using the value of 150.6 p.p.m. for the C-2 atom of pyridine (Stothers, 1972 succinic acid, 1-amino-5-hydroxyaminopentane and N-5-hydroxyaminopentylsuccinimide. lH n.m.r. spectra of both compounds were identical, showing the presence of seven methylenic signals: four triplets and three multiplets (see Table 1 ). Spin decoupling showed that the triplet at 3-78 p.p.m. was coupled with the multiplet ranging between 1-69 and 1.88 p.p.m., whereas the triplet at 3.32 p.p.m. was coupled with the multiplet at 1.53 to 1.69 p.p.m.
On the other hand, the highest field multiplet at 1.30 to 1.53 p.p.m. was coupled only with multiplets at 1.69 to 1.88 and 1.53 to 1-69 p.p.m., while the two remaining triplets at 2-73 and 3.03 p.p.m. were coupled together. The value of 6.4 Hz found for the 3JH.H coupling constants indicate that the E-D and A-B couplings (see Fig. 2 ) are identical to the F-G couplings, and therefore the structure is very probably randomized.
The proton undecoupled 13C n.m.r. spectra of both compounds showed the presence of nine signals: two singlets and seven triplets. The singlets, occurring at 176.66 and 175.86 p.p.m. corresponded to amide and hydroxamate carbonyl groups. N o attempt was made to distinguish between these. The two signals at 30.58 and 30.41 p.p.m. were also difficult to differentiate and were attributed to carbons F and G of the succinyl moiety of the molecule. These values are in agreement with the chemical shift expected for such carbon atoms (Stothers, 1972 ; Johnson & Jankowski, 1972) . For the 1 -amino-5-hydroxyaminopentane moiety of the molecule, the signals at 41.63, 33.20 and 25.63 p.p.m. were, respectively, assigned to carbons E, D and C , and are very close to those reported for such atoms in 1,5-diaminopentane (42.7, 34.7 and 24.9 p.p.m.) (Stothers, 1972) . The presence of the oxygen atom on the nitrogen had a deshielding effect on the carbon and a shielding effect on the y carbon as observed also in aliphatic nitro derivatives, causing shifts of about 9 p.p.m. and -5 p.p.m., respectively, on A (50.24 p.p.m.) and B (28.18 p.p.m.) compared with E and D (Stothers, 1972) .
Thus the assignments of the 13C and lH n.m.r. spectra, as well as the mass spectrometric results, are in complete agreement with the structure proposed for nocardamine and it was concluded that the compound isolated from iron-deficient cultures of P. stutzeri is, indeed, identical with nocardamine.
DISCUSSION
Nocardamine was first isolated as a secondary metabolite of actinomycetes (Bickel et al., 1960; Stoll et al., 1951) and chromobacteria (Muller & Zahner, 1968) . Structurally, it is related to the trihydroxamates desferri-ferrioxamines (Bickel et al., 1960; Keller-Schirlein & Prelog, 196 1 ; Prelog, 1963) which are well known to form very stable Fe(II1) complexes with a stability constant of about (Anderegg et al., 1963) . These compounds and nocardamine have mostly been studied in the light of their antibiotic (sideromycin) or growth factor (sideramine) properties (Zahner et al., , 1962 (Zahner et al., , 1963 ). It appears, especially in the case of desferri-ferrioxamine B, that these properties can be explained by a competition process at the level of iron uptake (Byers, 1974; Zimmerman & Knusel, 1969) .
The synthesis of nocardamine by P. stutzeri depends on the amount of iron present in the culture medium. The biphasic relationship (Fig. 1) between the production of nocardamine and the concentration of Fe3+ can be interpreted as follows. (I) The first part of the curve (Fig. l) , where nocardamine production is proportional to the iron content of the medium, indicates that a step in its biosynthesis requires the presence of iron: one enzyme involved in this pathway may be an iron-containing protein. This seems to be the case in the biosynthesis of enterochelin, the dihydroxybenzoylserine trimer, which facilitates the uptake of iron in Escherichia coli (O'Brien et al., 1970) . The first enzyme involved in the biosynthesis of the aromatic moiety of enterochelin, 3-deoxy-~-arabinoheptulosonate-7-phosphate synthase, has been reported recently to be an iron-protein (McCandliss & Hermann, 1978) . The specific activity of this enzyme as a function of iron concentration shows a biphasic relationship (McGray & Hermann, 1976) , similar to that observed in the production of nocardamine by P. stutzeri. (2) The second phase of the curve, where nocardamine production is inversely proportional to the iron content of the medium, indicates that the biosynthesis of nocardamine in P. stutzeri is repressed by excess iron.
A molecule produced by a micro-organism in iron-deficient conditions, forming a very stable Fe(II1) complex and lacking affinity for Fe(I1) (i.e. a siderochrome) can potentially act as an iron-transport agent (i.e. a siderophore) for that micro-organism. Nocardamine, which possesses these properties, could thus be considered as the siderophore of P. stutzeri.
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